Keywords: size of acute ischemic myocardium; strain rate imaging; curved M-mode of strain rate Background Since the size of ischemic myocardium is closely related with both global and regional function of the myocardium, it is of great significance to measure the size of ischemic myocardium with non-invasive methods. Methods Eleven mongrel dogs were subjected to occlusion of the left anterior descending coronary artery for acute ischemia. Strain rate imaging had M-mode of strain-rate (CAMM) curve pointed from the basal segment of the anterior wall to the basal segment of the inferior wall to detect the border of ischemia size. The strain rate (SR) defined the cut-off value of ischemic myocardium in a two-chamber apical view, and marked by the anterior and inferior wall on two-dimensional images respectively. Along the endocardium and epicardium, the ischemic size was curved on two-dimensional images by the trackball method and then compared with the pathologically ischemic size. And then longitudinal strain rates were compared in the cut-off value, adjacent non-ischemic and ischemic segments at which the cut-off point was defined by changing the curve M-mode of strain rate after ischemia. Results Linear correlation existed between pathology and strain rate ischemic size (r=0.884, P <0.001). The SR parameters were lower in ischemia and cut-off point than in non-ischemic segments. The peak SRs of systole (S SR ), early diastole (E SR ), late diastole (A SR ), strain during ejection time (ε et ), and the maximum length change during the entire heart cycle (ε max ) in ischemic segments lowered (P <0.05). Time to onset of regional relaxation (T R ) was prolonged (P=0.012). Conclusion SR imaging can accurately assess the size of ischemic myocardium.
The size of ischemic myocardium is closely related to both global and regional function of the myocardium, therefore it is of great significance to measure the size of ischemic myocardium by non-invasive methods. A series of experimental and clinical studies have assessed the size of ischemic myocardium by various techniques which have proved to be viable. [1] [2] [3] [4] [5] [6] However the low spatial resolution of single-photon emission computed tomography (SPECT) has limited these approaches. Similar approaches may be feasible with manganese-enhanced cardiac magnetic resonance (CMR) and computed tomography (CT), 7 but there are still lied some technical problem to be overcome. Conventional echocardiography could be remained subjective and of limited availability. Strain rate imaging (SRI) is a newly developed technology for quantification of myocardial function based on tissue Doppler imaging. 8, 9 It has recently been shown that myocardial ischemia measured by SRI is more sensitive than conventional means of functional assessment. 10 It has quantitated heart systole and diastole function and wall motion in millimeters 11, 12 and has shown to overcome the limitations of current ultrasound methods in assessing the complex changes in regional myocardial function that occur in differing ischemic substrates. Therefore it is a promising method for assessing the regional function of the myocardium. In the setting of ischemia, experimental studies have shown that strain imaging is an accurate method for quantitative evaluation of regional myocardial function and may yield important physiological data. 13 Hence in this study we used this sensitive technique to assess the size of ischemia and to quantify the myocardial change following occlusion of the left anterior coronary artery in dogs and compared them with pathologic results.
METHODS

Animal preparation
All animals were treated in accordance with the Health Guide for the Care and Use of Laboratory Animals of Xinjiang Medical University. Among 12 healthy mongrel dogs, three were female and nine were male. The dogs weighted 13 to 17 kg and their average body weight was (15±2) kg. One dog was excluded (death, n=1, after anesthesia), while other 11 dogs were successfully made as acute ischemic myocardium models. All the dogs were sedated with intramuscular acepromazine (20 to 30 mg) and anesthetized with intravenous sodium pentobarbital (30-40 mg/kg body weight, 1.0 mg·kg -1 ·h -1 for maintenance), and additional anesthetic was administered during the experiment as needed. Femoral venous cannulation was performed to allow administration of drugs and maintained by heparin. After intubation, the dogs received mechanical ventilation with a volume (15 ml/kg, 16-20 minutes) cycle Bird Mark 7A respirator (Bird Products Corp., Palm Springs, CA, USA). Continuous ECG (lead II) was traced throughout the experiment (Medtronic Lifepark 12, Physio-Control, Redmond, WA, USA). A median thoracotomy was performed to open the chest, a pericardial cradle was created, and the heart was exposed. After obtaining baseline images, a segment of the left anterior descending coronary artery was isolated just 1 cm below the first diagonal branch and occluded with a silk snare.
Ultrasonic data acquisition
The animals were investigated by open chest, and water-sac was laid on the surface of the heart, and a probe was then placed on the water-sac. After physiological index stabling, imaging was performed in apical two-chamber views using a 3.5 MHz phased array transducer equipped with the Tissue Velocity Imaging technology (Vivid 7, GE Medical Systems, Norway). Digital cineloops (>100 frames/s) of fifteen cardiac cycles in sinus rhythm were collected at baseline and stored on a magneto-optical disk. After 10 minutes of the left anterior descending coronary artery occlusion, (1) the motion of the left ventricular apex was abnormal and its color turned blue; (2) apical and anterior myocardium became dyskinetic in conventional two-dimensional images; (3) ST segment was elevated and T wave was downwarded (in lead II) in ECG. The data were stored on a magneto-optical disk again and transferred to EchoPC (Vivid 7, GE Medical Systems) work station for offline analysis.
Patho-staining
After the left anterior descending coronary artery was ligated for ten minutes, the aorta was occluded, and 2 ml of Evans blue (Jiangsu Jichuan Pharmaceutical Co., Ltd., China) was injected into the femoral artery for defining the ischemic region. After 30 seconds, the dogs were sacrificed with 10% KCl from the vein and the hearts were removed, washed free of blood with saline, and frozen in a refrigerator at -80°C. Half an hour later, when the heart was in a stationary state and fit to cut, it was cut open along the left ventricular long axis (from apex to mitral orifice). Then the heart was cut at 1-cm intervals corresponding to the cross-sectional planes of echocardiographic images and photographed using a digital camera. Ischemic risk appeared red，and non-ischemic risk appeared blue. To identify infarcted myocardium, the myocardial slices were incubated in 2% solution of triphenyltetrazolium chloride (TTC) (Shanghai Forward Reagent Factory, China) at 37°C for 30 minutes. All ischemic myocardial segments were not infarcted in the experiment. After being photographed, the hearts were fixed in 10% formalin. The patho-sample sizes were calculated using a dedicated software (Spot advanced, Media Cybernetics Inc, USA) ( Figure 1 ). Figure 1 . The cut-off value in anterior and inferior defined respectively by curved mode of strain rate, and then curved on the two-dimensional image by trackball method. Ischemic myocardium was stained by TTC. Left: Upper: ischemic area was curved on the two-dimensional image by trackball method. Lower: myocardium was stained by Evans blue, at ischemic area (IS) appeared red, non-ischemic area (NS) appeared blue. Right: White arrow：the cut off value in anterior and inferior respectively by curved mode of strain rate. Green arrow：the cut off value in anterior and inferior respectively on two-dimensional image imaging. IW: inferior wall. AW: anterior wall. MV: mitral valves. NS: non-ischemic segments. IS: ischemic segments.
Image analysis Qualitative analysis
All data were offline analyzed. Aanalysis was blindly performed with two independent observers using a customized software package (EchoPC, Vivid 7 GE Medical Systems), both variability of inter and intra-observer was acquired (Table 1) . At baseline three M mode curves were sequentially placed on the strain rate image of the left ventricular in the apical 2 chamber view. These curves were placed first on the endocardium, then the mid myocardium, and then the epicardium. The curves were placed from the base of the anterior wall and extended to the base of the inferior wall encircling the left ventricle in a counterclockwise direction (anterior basal→ anterior mid→ anterior apical→ apex→ inferior apical→ inferior mid→ inferior basal). The image changed regularly with ventricular contraction. Yellow/red was seen in systole and blue/white in diastole. 14 In the normal (nonischemic) myocardium color coded strain rate is represented by regular color bands. In the ischemic myocardium these bands become truncated and irregularly colored. 15 This phenomenon allows for the identification of a demarcation of the beginning of an ischemic zone of the myocardium which can be measured on the two-dimensional image. (X-axis represents time and Y-axis represents the unfolded left ventricular circumference). 16 A fixed sampling gate of 2 mm was placed. The distance between two adjacent sampling points was 4-6 mm (Figure 1 ).
Quantitative analysis
When the cut-off point was defined by the change of curve M-mode of strain rate after ischemia, samples were put in the mid of ischemia and non-ischemic myocardial segments 1 cm from the cut-off point, which were defined as the ischemia and non-ischemic point respectively. The peak strain rate values of cut-off, ischemia and non-ischemic point were measured during systole (S SR ), early filling (E SR ) and late diastole (A SR ). Strain during ejection time (ε et ) and the maximum length change during the entire heart cycle (ε max ) in ischemic segments were measured. Time to onset of regional relaxation was measured as the time from the R-wave of ECG traces to the transition point of systole to diastole 17 and expressed in milliseconds ( Figure 2) . Strain rates were expressed in seconds -1 and strains were percent. A 2-mm sample length was used for strain rate (SR) calculation. Negative SRs reflected the rate of longitudinal shortening, while positive SRs reflected the rate of longitudinal lengthening. 
Statistical analysis
Results were presented as means ± standard deviation (SD). The Pearson′s product-moment correlation coefficient was applied to the correlation between two variables. Multiple comparisons were made by analysis of variance (ANOVA). A P <0.05 was considered statistically significant.
RESULTS
Correlation analysis of ischemic size by applying SRI and pathology (Figure 3)
A total of 11 dogs were performed experiments. The Even′s blue dyed ischemia size was (5.21±1.39) cm 2 , and SR curved ischemia size was (4.90±1.46) cm 2 . There was high positive linear correlation between the Even′s blue dyed and the SR curved ischemia sizes (r=0.884, P <0.001). 
Comparisons of SR parameters of each myocardial segment at baseline (Table 2)
The SR parameters (S SR , E SR , A SR , ε et , ε max , TR) were not significantly different (P >0.05) in mid-, basal, apical and apex segments of the anterior and inferior walls. (Table 3) S SR , E SR , A SR , ε et and ε max were reduced in the cut-off segments compared with the non-ischemic segments, and reduced further in the ischemic than in the cut-off segments. There was statistical significance in the ischemic and non-ischemic segments (P=0.000, 0.02, 0.006, 0.000, 0.000). S SR , E SR , and A SR were not statistically different between the ischemic and cut-off segments (P=0.96, 0.96, 0.297). But ε et and ε max were reduced significantly in the cut-off segments compared with the non-ischemic (P=0.003, 0.000) and ischemic segments (P=0.000, 0.000). Table 3 . SR parameters of ischemic value, cut-off value and non-ischemic value T R was prolonged after myocardial ischemia. T R was longer in the cut-off segments compared with the non-ischemic segments, and even further in the ischemic than the cut-off segments. There were statistical significances in the ischemic and non-ischemic segments (P=0.012), but no statistical differences between the ischemic and cut-off segments.
Comparisons of SR parameters in non-ischemic, cut-off and ischemia values in ischemia
DISCUSSION
This dog model of acute ischemia of the myocardium demonstrated an important role of noninvasive echocardiography and particularly SRI in quantifying the size of ischemic myocardium. To our knowledge, this is the first report on the linear correlation between pathology and SR of ischemic size and on quantification of the cut-off segments in acute ischemia of the myocardium by SR.
Since long-axis function predominantly reflects longitudinal fiber contraction and plays an important role in the left ventricular function. 18 And because subendo-cardial fibers are oriented longitudinally and more susceptible to ischemia, it might be expected that longitudinal function is altered earlier than radial function in ischemia. 19 In our study, longitudinal plane other than radial plane was measured, and correlation analysis of pathological result was made.
Curved M mode reconstruction provides a visual analysis of segmental deformation rate of myocardial segments. 20 Compared with conventional echocardiography, SR color curved M mode analysis may improve sensitivity and specificity from 81% and 82% to 86% and 90%, respectively. 21 The curved M mode color SR display is a reconstructed color M mode recording along a manually traced line. In this study the character of image change from yellow/red and blue/white which was alternated regularly in the non-ischemic myocardium, but when it tuned to the ischemic segments the regular color belt disappeared or became coarse, irregular, green in infarction. We used color belt changes to define the cut-off values and curve myocardial ischemia size along the endocardium and epicardium, and compared them with pathological results. This finding shows that the size of SR ischemia is highly correlated with pathological size. Thus it is feasible for evaluating the size of ischemia. It is possible to define the cut-off value and delineate the size of ischemia accurately based on M-mode of SR. This would be a new way for assessing the ischemic size.
The color belt change of the curve M-mode of SR showed that our results were important to calculate parameters of SR in the cut-off segment. Comparison of the SR of the cut-off value with the non-ischemic value and ischemic value showed that the systolic and diastolic functions of the myocardium in the cut-off segment were affected and that the S SR , E SR , A SR , ε et and ε max in the cut-off value were decreased. Similarly, isovolumetric relaxation function was also affected. 22 Quantitative analysis of the cut-off value which is defined by curve M-mode of SR enables us to conclude that the change of color belt in SRI could provide a segmental deformation rate of myocardial segments, 23 and reflect the change of myocardial function after myocardial ischemia.
We also found that the change of SR and strain in non-ischemic point→ cut-off point →ischemia point was featured by a gradual decrease of S SR , E SR , A SR , ε et and ε max , but TR was gradually prolonged; however there was no statistical difference between the cut-off value and ischemia value. Possibly, the cut-off point was at a transmutative point of non-ischemia and ischemia, ie it was mainly dependent on ischemia. As a result, there was no statistical difference compared with ischemia, so it may reflect myocardial deformation in cut-off segments.
There are limitations for SR technique. The technique can sensitively detect ischemic myocardium, but the imaging result might be affected by the size of the sample and position. The curved M mode of the SR technique for defining the size of ischemic myocardium might neglect the tiny, dot size of ischemic myocardium, and the size of ischemia in apex might also be neglected as the Doppler principal which could not be avoided in our experiment.
The software we used did not allow the transmural assessment of myocardial deformation in myocardial layers, 24, 25 and measurements of the SR technique were made along a single ultrasound scan line. Therefore, in our study, only the size of one dimensional ischemic myocardium was measured, and a quantitative analysis of three-dimensional ischemia myocardium was not able to be conducted. This limitation may be overcome with the development of two-and three-dimensional SRI technique. SR measurements are angle dependent. 26 Therefore in the experiment, the Doppler beam should be vertical. The image sector should be set as narrow as possible, but not too narrow to observe the number of myocardial segments.
